It is well established that efflux pumps play important roles in bacterial pathogenicity and efflux inhibitors (EIs) have been proved to be effective in suppressing bacterial virulence properties. However, little is known regarding the EI of Streptococcus mutans, a well-known caries-inducing bacterium. In this study, we identified the EI of S. mutans through ethidium bromide efflux assay and investigated how EI affected S. mutans virulence regarding the cariogenicity and stress response. Results indicated that reserpine, the identified EI, suppressed acid tolerance, mutacin production and transformation efficiency of S. mutans, and modified biofilm architecture and extracellular polysaccharide distribution. Suppressed glycosyltransferase activity was also noted after reserpine exposure. The data from quantitative real-time-PCR demonstrated that reserpine significantly altered the expression profile of quorum-sensing and virulence-associated genes. These findings suggest that reserpine represents a promising adjunct anticariogenic agent in that it suppresses virulence properties of S. mutans.
INTRODUCTION
Bacterial efflux pumps are membrane proteins that can extrude substrates out of the cells, including drugs, antibiotics, chemicals and signal molecules (Opperman and Nguyen 2015) . Accumulating evidence suggests that efflux pumps confer antibiotic resistance (Singh et al. 2012; Soto 2013) and play roles in bacterial pathogenicity and colonization (Baugh et al. 2012) . Chan et al reported that the function of the BpeAB-OprB efflux pump was indispensible for quorum sensing (QS)-regulated virulence properties such as biofilm formation in Burkholderia pseudomallei (Chan et al. 2007) . Chemical inhibition and genetic inactivation of multidrug efflux of Salmonella enterica serovar Typhimurium resulted in transcriptional repression of the biofilm matrix (Baugh et al. 2014) . In addition, genetic inactivation of the efflux components resulted in reduced expression of biofilmassociated genes and biofilm formation ability (Matsumura et al. 2011) . In consideration of the indispensible role that efflux pumps played in bacteria biology and pathogenicity, various studies have explored the possibility of utilizing efflux inhibitors (EIs) to suppress the virulence of microbial biofilm (Kvist, Hancock and Klemm 2008) . EIs that target efflux pumps have been reported to reduce the colonization of Campylobacter jejuni in the host (Lin and Martinez 2006) and inhibit biofilm formation of Pseudomonas aeruginosa and Escherichia coli (Baugh et al. 2014) . These findings indicate that EIs may be an adjunctive approach to suppress the virulence of pathogens.
Streptococcus mutans, one of the primary pathogens of dental caries, is able to adhere to tooth surfaces and form cariogenic biofilms. Several efflux pumps in S. mutans have been identified and Seaton et al. reported that two predicted ABC efflux pumps encoded by rcrP and rcrQ were associated with cellular physiology, genetic competence, and acid and oxidative stress tolerance of S. mutans (Seaton et al. 2011; Seaton, Ahn and Burne 2015) . ComAB, another ABC transporter, was responsible for the export of competence signal peptide and the activation of Com-CDE systems (Smith and Spatafora 2012) . We thus hypothesized that inhibiting the efflux pump with EIs might suppress the virulence properties of S. mutans. In this study, EIs of S. mutans were screened and the effect of specific EIs on major physiological properties of S. mutans UA159 was explored.
MATERIALS AND METHODS

Chemicals, bacterium and growth conditions
EI candidates, including reserpine, verapamil hydrochloride, thioridazine hydrochloride and sodium orthovanadate, were purchased from Sigma-Aldrich Corp. (St Louis, MO, USA). The competence-stimulating peptide (CSP) was synthesized by Life Invitrogen (Shanghai, China). The bacterial strains, plasmids and primers used are listed in Table S1 in the supplementary material available online. Streptococcus mutans UA159 was grown in brain heart infusion medium (BHI) anaerobically (5% CO 2 , 10% H 2 and 85% N 2 ) at 37
• C. For the planktonic cell preparation, overnight culture of S. mutans was diluted 1:100 in BHI and cultured to OD 600 = 0.6. The cells were collected by centrifugation and re-suspended in phosphate-buffered saline (PBS) to 10 5 CFU mL −1 . For the biofilm cell preparation, overnight culture of S. mutans was diluted 1:100 in BHI-1% sucrose and placed into dishes for 24 h at 37
• C. The 24 h biofilm was rinsed with PBS and biofilm cells were collected and adjusted to 10 5 CFU mL −1 (Liu et al. 2013 ).
Ethidium bromide efflux assay
A standard ethidium bromide (EtBr) efflux assay was used to screen EIs of S. mutans (Rodrigues, Wagner and Viveiros 2008 ). An EtBr concentration of 2 μg mL −1 that caused a higher accumulation without causing significant inhibition of growth was used. A 200 μL volume of planktonic and biofilm cells was loaded into 96-well black plates and mixed with EtBr for 30 min for EtBr accumulation. The EtBr-loaded cells were washed and re-suspended in PBS containing EIs (0-256 μg mL −1 ).
Reserpine was dissolved in dimethyl sulfoxide (DMSO) and cells in the control group were re-suspended in PBS with the same amount of DMSO. The fluorescence was measured by a microplate reader (GloMax; Promega, Madison, WI, USA) for 30 min at excitation and emission wavelengths of 525 nm and 605 nm. In order to allow a comparative analysis of the efflux activity, the raw data were normalized to the EtBr-loaded cells (relative fluorescence equivalent to 1) and represented as the ratio.
Growth kinetics and metabolic activity
Streptococcus mutans (10 5 CFU mL −1 ) in BHI with and without EIs was incubated at 37
• C anaerobically and growth kinetics were monitored spectrophotometrically at A 600nm over 30 h (Xu, Zhou and Wu 2011) . The effect of EI on metabolic activity was determined by using a 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) reduction assay (Pierce, Uppuluri and Tristan 2008) .
Determination of minimum inhibitory concentration
The minimum inhibitory concentration (MIC) of EIs was determined by the microdilution method (Xu, Zhou and Wu 2011) . In brief, 0.1 mL of S. mutans planktonic cells (OD 600 = 0.6) was added into 96-well plates that contained 0.1 mL of EI at concentrations prepared from 2-fold serial dilutions. The plates were incubated at 37
• C for 24 h and the MIC was defined as the lowest concentration of EI that inhibited visible growth.
Acid tolerance and glycolytic pH drop assay
The acid tolerance of S. mutans was assessed by determining the viability of bacteria exposed at pH 3.0 (Lemos, Luzardo and Burne 2007) . The two cell populations were re-suspended in glycine buffer (pH 3.0) (10 5 CFU mL −1 ) containing reserpine (32 μg mL −1 ) and incubated at 37
• C. Cells were collected at selected time points, serially diluted and plated onto BHI agar for CFU determination. For glycolytic pH drop, the cell populations were resuspended in 0.5 mM potassium phosphate buffer (pH 7.0) (10 5 CFU mL −1 ) containing reserpine (32 μg mL −1 ). Glucose (1%) was added into the buffer and the decrease in pH was monitored (Cheng et al. 2016) .
Mutacin production and transformation assay
To determine mutacin production, 10 μL of planktonic and biofilm cells (10 5 CFU mL −1 ) were stabbed into BHI plates containing reserpine (32 μg mL −1 ) and incubated for 24 h. The plates were overlaid with 0.7% soft agar mixed with indicator species Streptococcus gordonii (S. gordonii) ATCC35105 or Enterococcus faecalis (E. faecalis) ATCC29212. After 24 h incubation, growth inhibition zones were measured (Hossain and Biswas 2011) . For the transformation assay, 1 μM of CSP and 100 ng of pDL278 were added to bacteria cultures when OD 600 = 0.1 with and without reserpine (32 μg mL −1 ). The cultures were serially diluted and plated on BHI agar plate with and without spectinomycin (1000 μg mL −1 ) for 3 h growth. The cells that harbored pDL278 survived on the plates with spectinomycin. CFUs were enumerated after 24 h and transformation efficiency was calculated as the number of colonies on plates with spectinomycin divided by total number of viable colonies (Ahn et al. 2014 ).
Biofilm analysis and structure imaging
To explore how reserpine affected S. mutans biofilm formation, we examined over time the architecture of biofilm with or without reserpine (32 μg mL −1 ) using a scanning electron microscope (SEM) and confocal laser scanning microscopy (CLSM). For SEM (Quanta 200, FEI Sirion, Netherlands) observation, biofilms were fixed with 2.5% glutaraldehyde and serially dehydrated, followed by critical point drying and sputter-coating with gold. For CLSM (LSM 710, Carl Zeiss, Germany) observation, 1 μM Alexa Fluor 647-labeled dextran conjugate (Molecular Probes, Invitrogen Corp., Carlsbad, CA, USA) was added to the culture medium to label exopolysaccharides (EPS) (Xiao et al. 2012) . Bacterial cells were stained with a Live/Dead BackLight Bacterial Viability Kit (Molecular Probes, Invitrogen) according to the instructions. Images were taken with a ×20 objective and EPS/bacteria biomass was analyzed using COMSTAT. 
Detection of glycosyltransferase activity
Streptococcus mutans planktonic cells and biofilm were cultured with or without reserpine for 12 h. To obtain crude glycosyltransferases (Gtfs), culture supernatants were collected by centrifugation and ultrafiltered through a 100 kDa membrane (Merck Millipore Ltd. Co. Cork, IRL), followed by concentration and dialyses (Xiao et al. 2007 ). The protein concentration of crude Gtfs was determined by the Bradford method. The Gtfs activity was determined by incubating crude Gtfs with sucrose and estimating the amount of glucans formed using the phenol-sulphuric acid method (Jorge et al. 2016) .
Quantitative real-time PCR
Streptococcus mutans biofilms were formed with or without 32 μg mL −1 reserpine. At 6, 12 and 24 h, cells from the same biofilm-forming batch were collected by centrifugation and suspended in lysis buffer (30 mM Tris-HCl, 1 mM EDTA, 20 mg mL 
Statistical analysis
The experiments were performed in triplicate and repeated three times. Exploratory data analysis was conducted to select the most appropriate method and an unpaired t-test was used to determine statistical significance. The differences were considered significant if P < 0.05.
RESULTS
EI screening
As shown in Fig. 1A and B, reserpine at or >32 μg mL −1 significantly inhibited EtBr efflux of planktonic and biofilm cells. To clarify whether the reduced efflux activity was due to the antibacterial activity of reserpine, we examined the growth and metabolic activity of S. mutans. It was shown that reserpine did not inhibit the growth of S. mutans with MIC > 128 μg mL −1 .
When the metabolic activity was determined, it was found that reserpine at 32-128 μg mL −1 did not inhibit metabolic activity ( Fig. 1C and D , P > 0.05). Thus, reserpine (32 μg mL −1 ) was used as an EI of S. mutans in the following assays. However, no other investigated EI was found to inhibit the efflux ability of S. mutans without affecting the growth (Fig. S1 in the online supplementary material). 
Reserpine inhibited acid tolerance
For planktonic cells, almost no viable bacteria were observed at pH 3.0 after 35 min exposure to reserpine (32 μg mL −1 ), while in the untreated control only a 43% reduction in CFUs was observed (P < 0.05) ( Fig. 2A) . Biofilm cells were more resistant to low pH. As shown in Fig 2B, reserpine displayed a similar suppressive effect on the survival ability of biofilm cells in acid but the effect was much lower than the one observed for planktonic cells. However, no difference in acid production was observed after reserpine exposure (P > 0.05) ( Fig. 2C and D) .
Reserpine influenced competence-related phenotypes
To probe how reserpine impacted competence development, we assessed the transformation efficiency of S. mutans in the presence or absence of reserpine(32 μg mL −1 ). It was found that reserpine inhibited the transformation efficiency of planktonic cells by 27.72% and 35.55% with and without exogenous added CSP (P < 0.05), respectively (Fig. 3A) . For biofilm cells, reserpine resulted in a more obvious reduction in transformation efficiency of more than 60% (Fig. 3B) . For mutacin IV synthesis in the presence of reserpine, a smaller inhibition zone against S. gordonii was observed in both planktonic and biofilm cells compared with the untreated control (8.81 ± 0.33 mm vs. 14.26 ± 0.50 mm and 8.76 ± 0.25 mm vs. 15.31 ± 0.76 mm, respectively; P < 0.05) (Fig. 3C) . Regarding mutacin V production, the planktonic cells displayed a smaller inhibition zone (10.13 ± 0.45 mm) than the control (13.01 ± 1.88 mm) after reserpine treatment. A smaller inhibition zone (9.12 ± 0.93 mm vs. 13.64 ± 0.55 mm) was also observed in biofilm cells compared with the control (P < 0.05) (Fig. 3D) .
Reserpine impaired biofilm formation ability and Gtfs activity
As revealed in Fig. 4A , reserpine suppressed the initial attachment of S. mutant (6 h). With the growth of biofilm (12 h and 24 h), repression of EPS synthesis and EPS-attached microcolony formation could be observed. The results were further confirmed by CLSM image analysis (Fig. 4B) . The bio-volume of biofilm was reduced by 70.4%, 45.7% and 20.6% after 6 h (4.25 ± 0.76 vs. 14.37 ± 0.168 μm 3 μm −2 ), 12 h (28.27 ± 1.92 vs. 52.06 ± 2.12 μm 3 μm −2 (P < 0.05) and 24 h (42.47 ± 6.97 vs. 57.39 ± 7.14 μm 3 μm −2 ) in the presence of reserpine (P < 0.05). Furthermore, reserpine significantly reduced the EPS/bacteria ratio in 6 h and 12 h biofilm (P < 0.05), while no significant difference was observed in 24 h biofilm (P > 0.05) (Fig. 4C) . Consistent with the reduced EPS synthesis revealed by CLSM and SEM, reserpine significantly suppressed the water-insoluble glucans synthesis of planktonic and biofilm cells (P < 0.05). A similar reduction in soluble glucans synthesis was also observed in planktonic cells (Fig. 4C) . 
Reserpine inhibited the QS-, EPS-, mutacin-and acid tolerance response-related gene expression
The effect of reserpine on the expression profiles of biofilmrelated genes was explored, including QS-related genes (comA, comC, comD, comE, comX, comYA, comR and comS) and EPS-related genes (gtfB, gtfC, gtfD, gbpA, gbpB, gbpC, gbpD and spaP) . Reserpine suppressed the expression of all the QS-and EPS-related genes by more than 80% at the initial attachment stage (6 h) (P < 0.05). Unexpectedly, the expression of these genes gradually increased after 12 h compared with the untreated control, except for gtfD (Fig 5B) . A similar up-regulation effect to more than 50-fold was observed in 24 h biofilm, except for comYA (Fig 5A) . The expression profile of mutacin-associated genes was also examined. Reserpine was found to suppress the expression of nlmC in the 6 h biofilm,which was responsible for mutacin V production. After 12 h, the nlmC expression returned to the same level as that in the untreated control (P > 0.05) and an induced nlmC expression was observed after 24 h (P < 0.05) (Fig. 5C ). Contrary to nlmC, the expression of the mutacin IV-related gene (nlmA) displayed a distinct expression pattern, with a significant suppression at 12 h (P < 0.05) (Fig. 5C) .
To clarify whether the acid tolerance response (ATR) was affected when exposed to reserpine, we assessed the expression of genes related to ATR, e.g. atpD, ilvE and ffh (Fig. 5D) . Reserpine inhibited the expression of atpD at the initial attachment stage (6 h) (P < 0.05) and an induction effect was observed afterwards, while the suppression of ilvE continued to 12 h. A distinct tendency for ffh expression was observed with no change in 6 h and 12 h biofilm, but an increase to hundreds of folds was observed after 24 h (P < 0.05).
DISCUSSION
With the development of multidrug resistance in many pathogenic microorganisms, EIs have become a new direction for fighting infectious diseases. Several compounds have been found to inhibit the multidrug pumps of bacteria. For instance, verapamil is an inhibitor of Mycobacterium tuberculosis multidrug resistance (MDR) pumps (Singh et al. 2011) . Addition of sodium orthovanadate, an inhibitor of ABC efflux, restores wild-type antibiotic susceptibility (Garvey and Poddock 2008) . Reserpine is an inhibitor of Gram-positive bacteria MDR pumps and is routinely used to determine whether resistance is caused by multidrug efflux in Gram-positive bacteria (Li and Nikaido 2004) . According to the reported criteria, EIs should promote the highest accumulation of EtBr and do not affect the replication of the bacterial species (Rodrigues, Wagner and Viveiros 2008) . The screening assays identified reserpine (32 μg mL −1 ) as a promising S. mutans EI since it suppressed the efflux abilities of planktonic and biofilm cells without suppressing the metabolic activity and growth. Various antimicrobial mechanisms of EI have been reported, including preventing bacterial colonization and transcriptional repression of biofilm matrix components (Baugh et al. 2012) . The abilities of S. mutans to metabolize carbohydrates to produce organic acids through glycolysis and tolerate acid environments are prerequisite properties for caries initiation (Xiao et al. 2012) . Streptococcus mutans possessed an acid tolerance response (ATR) to withstand and survive environmental acid challenges (Matsui and Cvitkovitch 2010). The membrane-bound F 1 F 0 -ATPase system is one of the primary determinants for S. mutans to survive the adverse acid stress. In the presence of reserpine, the expression of aptD, a subunit of the F 1 F 0 -ATPase system, was significantly down-regulated. However, the transcription of ffh, which encodes a signal recognition particle responsible for the acid stress response (Gutierrez et al. 1999) , was significantly upregulated after 24 h reserpine exposure. It seems that after suppression for a long period, S. mutans may activate ATR to induce the expression of functionally associated genes to survive in an adverse environment. The virulence properties of S. mutans are closely intertwined with regulatory pathways like the QS system, which control the development of genetic competence (Moye et al. 2016) . The decreased transformation efficiency suggested that reserpine might suppress the competence development. Furthermore, a general reduction in the expression of QS-related genes was observed. It is therefore possible that reserpine is able to exert an effect directly or indirectly on QS, and consequently QS-regulated virulence. It has been reported that in P. aeruginosa and Burkholderia pseudomallei the QS signal molecules are transported across the cell membrane through efflux pumps (Chan et al. 2007) . Whether reserpine directly inhibited the CSP export in S. mutans has yet to be clarified. Residing in dental plaque with fierce interspecies competition, S. mutans secretes mutacin IV and mutacin V to outcompete other biofilm members (Kolenbrander et al. 2010) . It has been proved that mutacin production in S. mutans is competence-induced (Mohammad and Indranil 2011). Consistent with this observation, reserpine also inhibited mutacin IV and V production as revealed by the smaller inhibition zone. The decreased competitiveness of S. mutans was further confirmed by qRT-PCR which revealed compromised transcriptional levels of nlmA and nlmC.
Exopolysaccharides (EPS) are key components of the matrix in cariogenic dental biofilms, and are recognized virulence factors involved in the pathogenesis of S. mutans. Gtfs and glucan-binding proteins from S. mutans are capable of synthesizing glucans which provide binding sites for initial attachment and subsequent colonization of S. mutans (Xiao et al. 2012) . Consistent with the sparsely attached cells observed with SEM and CLSM, qRT-PCR revealed that reserpine suppressed EPS production at the transcriptional level in 6 h and 12 h biofilm. Additionally, the reserpine concentration used in this study was below MIC, demonstrating that reserpine possessed antibiofilm effects and the difference in virulence expression could not merely be ascribed to a generalized growth inhibition. Unexpectedly, with the growth of biofilm, the expression of EPS-related genes was found to be significantly up-regulated. However, CLSM analysis revealed only a slight increase in EPS production without a significant difference. What caused the inconsistency between the suppressed EPS production and the highly up-regulated transcription of genes? The lack of correlation between RNA levels and the EPS production indicated the presence of posttranslational control, which was verified by the reduced Gtf activity. Noticeably, an overexpression of most of the tested genes was noted after 24 h of exposure to reserpine, in sharp contrast with the suppressed expression in 6 h biofilm. Since reserpine reached its maximum effect at 6 h, the overall induction effect observed in 24 h biofilm might result from the compensatory effect following reserpine loss of activity. Another possible explanation for the strong overexpression of genes from different functional categories was a shift in central metabolism in S. mutans to respond to the stress caused by reserpine.
In conclusion, inhibition of the S. mutans efflux pump is a potential adjunct method for therapeutic intervention to suppress various cariogenic virulence factors. However, whether reserpine works through directly inhibiting the efflux pump of S. mutans awaits further studies.
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